Patterns of methylated and unmethylated cytosines at CpG dinucleotides are propagated with a fidelity of Ͼ99%, and their stable inheritance for Ͼ80 cell generations has been documented (48) . DNA methylation is required for the transcriptional silencing of transposons, imprinted genes, and genes on the inactive X chromosome. The methylation landscape of the human genome reflects this function: methylation is concentrated in transposons and repeat sequences and is rare in promoter regions, except for certain imprinted genes, certain cancer-testis antigen genes, and genes on the inactive X chromosome in females (49) . DNA methylation is also required for normal chromosome structure and stability. Demethylation and chromosome rearrangements at juxtacentromeric heterochromatin are observed in patients with immunodeficiency, centromere instability, and facial anomaly syndrome (OMIM 242860), which is caused by mutations in the DNA methyltransferase 3B (DNMT3B) gene (63) .
Cancer cells commonly exhibit aberrant genomic methylation patterns (3, 20) . The epigenetic dysregulation is complex, and the causes are not known. Hypomethylation of repeat sequences often coexists with hypermethylation of a subset of promoters. Hypomethylation and hypermethylation can independently predict tumor malignancy (21) . A loss of imprinting increased the incidence of tumorigenesis (31, 51) , and aberrant methylation had different effects on the progressions of different cancers (64) .
The mechanism of transcriptional repression of methylated DNA is not known. The chromatin-associated factors MeCP2, methyl-binding domain 1 (MBD1), MBD2, and Kaiso have been reported to repress methylated promoters, but methylated promoters are not reactivated in the absence of these factors, and the phenotypes of mice that lack these factors do not resemble those of mice that lack DNA methyltransferases (29, 45, 57, 66) .
DNA methylation in mammals is catalyzed by three methyltransferases, DNMT1, DNMT3A, and DNMT3B (27) . Biochemical and genetic data support a model in which all three enzymes have de novo and maintenance activities and cooperate to establish and maintain genomic methylation patterns. Of the methyltransferases, DNMT1 has the highest expression level in vivo and the highest specific activity in vitro, and mutations in Dnmt1 have the most severe phenotypes. Mouse embryos homozygous for null alleles of Dnmt1 have developmental delays and do not survive past day 8.5 of development (38) . Mouse Dnmt1 Ϫ/Ϫ embryonic stem (ES) cells have severely demethylated genomes and undergo apoptosis when induced to differentiate (35, 38) , but the mechanism is not known. Several studies have documented defects in mismatch repair or microsatellite instability in Dnmt1 Ϫ/Ϫ cells (28, 33, 60) . Mice bearing a hypomorphic allele of Dnmt1 exhibit chromosome instability and a high incidence of T-cell lymphomas (18, 25) . Maintenance of genomic methylation patterns in HCT116 colorectal cancer cells was reported to be largely independent of DNMT1 (46), but it was recently shown that the DNMT1 disruption in that study caused only a minor reduction in DNMT1 activity (19) and that the complete disruption of DNMT1 in HCT116 cells leads to mitotic defects and cell death (9) . Together, these results demonstrate a requirement for DNMT1 during development and in the survival of differentiated cells.
DNMT1 contains an amino-terminal domain of 1,120 residues and a methyltransferase domain of 500 residues (27) . The amino-terminal domain includes a nuclear localization signal and a replication focus-targeting domain as well as a cysteinerich Zn 2ϩ -binding domain and two bromo-adjacent homology domains of unknown function (Fig. 1A) . DNA binding and allosteric control of the methyltransferase domain have been reported for regions of the amino-terminal domain (2, 22) . In addition, some domains of DNMT1 have been reported to repress transcription and to associate with histone deacetylase 1 and histone deacetylase 2; methyl-binding proteins MeCP2, MBD2, and MBD3; retinoblastoma protein; PCNA; DMAP1; heterochromatin protein HP1␤; histone methyltransferase SUV39H1; the PML-retinoic acid receptor fusion oncoprotein; and Polycomb group protein EZH2 (10, 24, 58) . However, the biological functions of these interactions have not been demonstrated, and the region of DNMT1 that interacts with DMAP1 has been shown to be entirely dispensable for DNMT1 function in vivo (16) .
We have investigated the functions of DNMT1 by making a conservative point mutation that eliminates methyltransferase activity. We report that the essential functions of DNMT1 require its methyltransferase activity. We found that the localization of DNMT1 depended on genomic methylation levels, which has implications for the dysregulation of methylation patterns in cancer.
MATERIALS AND METHODS
Construction of cell lines. The wild-type Dnmt1 minigene MT80 was a kind gift of R. Jaenisch. The C1229S mutation was introduced by site-directed mutagenesis with QuikChange (Stratagene) to generate MTCS. Either MT80 or MTCS was electroporated with PGK-PURO into Dnmt1 c/c cells to establish stable cell lines. Genomic integration was not targeted; however, the minigene contains 9.8 kb of genomic sequence (Fig. 1B) . Clones were selected in 2 g/ml puromycin, expanded, and screened by PCR. Candidate clones were then screened by immunoblot for expression of full-length DNMT1 with anti-DNMT1 (pATH52) antibody. Southern blot analysis was used to estimate the minigene copy number. All six clones had the normal complement of 40 chromosomes.
Cell culture and sample preparation. Mouse ES cells were cultured on gelatinized tissue culture dishes in Dulbecco's modified Eagle's medium (catalog no. 11965; Gibco) supplemented with modified Eagle's medium nonessential amino acids (catalog no. 11140; Gibco), 2 mM L-glutamine, 100 IU/ml penicillin, 100 g/ml streptomycin, 0.12 mM ␤-mercaptoethanol, leukemia-inhibitory factor (LIF) (from conditioned medium of LIF-secreting cells), and 15% of either fetal bovine serum (HyClone) or serum replacement for ES cells (catalog no. 10828; Gibco). Genomic DNA was isolated by using a DNeasy kit (QIAGEN). Total FIG. 1. A point mutation in DNMT1 abolishes methyltransferase activity. (A) Domains of DNMT1 include the nuclear localization signal (NLS), PCNA binding domain, targeting to replication foci, cysteine-rich Zn 2ϩ -binding domain, bromo-adjacent homology domain (BAH), a glycine-and lysine-rich segment (GK), and the methyltransferase domain with diagnostic motifs. A large segment of the amino terminus served as an epitope for the anti-DNMT1 (pATH52) antibody (4) . A conservative cysteine3serine mutation at residue 1229 (C1229S) was introduced into a murine Dnmt1 minigene. (B) Schematic of the Dnmt1 minigene (MG) described previously by Tucker et al. (56) . The minigene is comprised of two genomic (gen.) fragments that contain a regulatory sequence and the first three exons, cDNA that encodes the remainder of the protein, and a polyadenylation sequence (pA) from the PGK locus. The lengths of these fragments (in kb) are shown. To generate the C1229S mutation (marked by the asterisk), the 4.4-kb fragment between SalI sites ("S") was subcloned into a cloning vector, subjected to site-directed mutagenesis, and subcloned back into the minigene. (C Ϫ7 M all-trans-retinoic acid for 3 days starting the day after plating. Third, for the competitive growth assay (35), a 1:1 mixture of the two cell types indicated was cultured in several dishes for 2 days in ES cell medium. Next, on "day 0," embryoid bodies were generated from some dishes, other dishes were maintained in ES cell medium, and a small aliquot of cells was reserved for DNA isolation. Embryoid bodies were generated from confluent dishes by an 80-s treatment with trypsin-EDTA followed by growth in suspension in petri dishes in ES cell medium without LIF and containing only 10% fetal bovine serum. Medium was changed by allowing the embryoid bodies to sediment in conical tubes. The experiment was repeated on independent occasions. For the Southern blots, genomic DNA was digested with EcoRI and EcoRV and probed with a 600-bp PCR-amplified fragment that contained the genomic sequence from 4.1 to 3.5 kb upstream of the Cys1229 codon. Each cell line had been probed individually so that it could be identified in the patterns generated by cell mixtures.
Antibodies. Primary antibodies with dilutions for immunofluorescence (IF) and immunoblot (IB) were anti-DNMT1 (pATH52) (4) (1:500 for IF and 1:2,000 for IB), anti-histone macroH2A1 (catalog no. 07-219; Upstate) (1:100 for IF and 1:500 for IB), and fluorescein isothiocyanate-conjugated anti-bromodeoxyuridine (BrdU) (Becton Dickinson) (1:10 for IF). Secondary antibodies were obtained from Jackson Immunoresearch.
Immunofluorescence. All solutions were based on phosphate-buffered saline (pH 7.2) with 1.5 mM MgCl 2 and 0.9 mM CaCl 2 . Cells were harvested, fixed in 2% formaldehyde at 4°C, centrifuged onto glass slides, permeabilized in 0.2% Triton X-100, and blocked in 5% goat serum-0.2% fish scale gelatin-0.2% Tween 20 (all from Sigma). Antibody incubations in blocking solution at room temperature were followed by several washes in buffer. DNA was stained with 10 ng/ml Hoechst 33258, and slides were mounted in n-propyl gallate. Costaining of DNMT1 and active replication sites was performed essentially as described previously (36) . Briefly, cells were pulsed with 10 M BrdU for 15 min prior to harvesting; following DNMT1 immunofluorescence as described above, the antibodies were fixed in place with formaldehyde, and DNA was then denatured with HCl and probed with fluorescein isothiocyanate-anti-BrdU.
ChIP. Chromatin immunoprecipitation (ChIP) was repeated for at least three independent biological replicates, starting with cell culture. The protocol was based on a method described previously by Takahashi (53), with modifications. For cross-linking, 1 ϫ 10 8 cells were harvested and treated with 0.4% formaldehyde for 10 min at room temperature. Chromatin was sheared by sonication such that the DNA fragment size was 200 to 1,000 bp, and some aliquots were reserved as "input." Protein A-Sepharose beads (catalog no. 17-1279-01; Amersham) were washed and blocked in 1 ml/sample of phosphate-buffered saline with 5 mg/ml bovine serum albumin and 2 g/ml denatured salmon sperm DNA. For each sample, chromatin from 1 ϫ 10 7 cells was precleared with blocked beads and then incubated overnight with or without 5 l per immunoprecipitation (IP) of anti-histone macroH2A1 antibody. The next day, a fresh aliquot of blocked beads was incubated for 2 h with the chromatin-antibody mix plus 1 g additional salmon sperm DNA. The beads were washed twice in a solution containing 20 mM Tris (pH 8), 150 mM NaCl, 2 mM EDTA, 1% Triton, and 0.1% SDS; once in a solution containing 20 mM Tris (pH 8), 500 mM NaCl, 2 mM EDTA, 1% Triton, and 0.1% SDS; twice in a solution containing 10 mM Tris (pH 8), 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, and 250 mM LiCl; and once in a solution containing 10 mM Tris (pH 8) and 1 mM EDTA.
Quantitative real-time PCR. We used an ABI 7700 apparatus (Columbia University Cancer Center) with SYBR Green PCR Master Mix (catalog no. 4309155; Applied Biosystems). Primer pairs were designed from previously published sequences (14, 42, 65) and tested to ensure linear amplification and a single product. Many primer sets that were designed for the intracisternal Aparticle (IAP) long terminal repeat (LTR) did not satisfy these criteria, possibly owing to the heterogeneity of IAP LTRs (14) . A single PCR product represented amplification from many individual IAP elements with the same LTR sequence. The primers for GAPDH were specific to the active gene on chromosome 6 and did not have homology to any of the GAPDH pseudogenes. For PCR, input DNA was diluted 65-fold more than immunoprecipitated DNA so that amplification was comparable. The threshold cycle (C T ) method was used to determine the relative DNA concentration in input and IP samples for each primer set. The enrichment in the IP was calculated by subtracting input C T from IP C T (⌬C T ) and then transforming by 2
Ϫx and calculating for the dilution factors. This normalization, along with the confirmed linear amplification of the PCR, allowed the comparison of multicopy IAP sequences with single-copy ACTB and GAPDH. For analysis of data from different primer sets, the two-tailed Student's t test was used. For analysis of wild-type versus Dnmt1 Ϫ/Ϫ cells, the ⌬C T values for the cell lines were compared for each experiment (by subtraction), and the averages and standard deviations from three experiments were calculated. The two-tailed t test for paired samples was used.
Primer sequences (5Ј to 3Ј) used were as follows:, GACATCCTGTGTTCTA AGTGG and CCAGAGCCAGAGAGCAAAAGC (IAP LTR), GTGTCCATT GACACATGTTCTGG and GTGGGTTACGTCCATCTGACG (IAP internal 8), GCAGCCACATCTAATGATTGGG and CATTAGCCACATAGGCACC TATGC (IAP internal 4), CACCAGGTAAGTGACCTGTTAC and GGTCAG GATACCTCTCTTGCTC (ACTB), and GCTCATGGTATGTAGGCAGTGG and GATGGCATGGACTGTGGTCTAG (GAPDH).
RESULTS

Conservative point mutation in DNMT1.
To separate the methyltransferase activity from other putative functions of DNMT1, we introduced a Dnmt1 minigene with a point mutation at the key catalytic cysteine residue into Dnmt1 Ϫ/Ϫ ES cells. The cysteine residue is conserved in all DNA methyltransferases, and its mutation to serine abolishes catalytic activity but does not affect DNA binding (32, 41, 61, 62) . We introduced the Cys12293Ser (C1229S) mutation into a functional minigene of mouse Dnmt1 composed of ϳ5 kb of cDNA and ϳ10 kb of genomic sequence that contains the regulatory sequence and the first three exons (56) . A schematic of the minigene is shown in Fig. 1B , and a complete description of sequence and functionality was provided previously by Tucker et al. (56) .
The wild type or C1229S minigene was electroporated into Dnmt1 Ϫ/Ϫ mouse ES cells to establish stable cell lines. Clones were expanded and assayed for the expression of full-length DNMT1 by IB (Fig. 1C) . IB following separation on a 3 to 8% gradient gel provided further evidence that the proteins were full length (data not shown). . Southern blot analysis of the clones indicated that the minigene copy number per clone was between 1 and 3 and correlated with the protein level (see Fig. S1 in the supplemental material).
To assess genome-wide methylation levels in the panel of cell lines, genomic DNA was isolated and digested with the methylation-sensitive enzyme HpaII. Electrophoresis and ethidium bromide staining revealed that DNA from wild-type cells was resistant to HpaII digestion but that DNA from Dnmt1 Ϫ/Ϫ cells was not, which confirmed that the Dnmt1 Ϫ/Ϫ genome was extensively demethylated (Fig. 1D) . The Dnmt1 minigene restored genomic methylation, but Dnmt1 C1229S did not (Fig. 1D) , which indicated that the minigene was functional To examine the methylation of a specific compartment of the genome, the digested DNA shown in Fig. 1D was transferred onto nitrocellulose and hybridized with a probe to minor satellite DNA, which consists of 120-bp centromeric repeats that constitute 0.2 to 0.4% of the mouse genome (13) . We found that minor satellite DNA was methylated in wildtype and Dnmt1 Ϫ/Ϫ MG cells and demethylated in Dnmt1
and Dnmt1 Ϫ/Ϫ MG C1229S cells (Fig. 1E) . The Dnmt1 Ϫ/Ϫ ES cells used in this study, known as Dnmt1 c/c , are homozygous for a mutation in the methyltransferase domain of DNMT1 and are viable in the undifferentiated state (35) . No mRNA transcript or full-length protein was detected in Dnmt1 c/c cells, and genomic DNA was extensively demethylated (35) . However, reverse transcription-PCR indicated some transcription upstream of the deletion (6) . The interpretation of the data from this study required a precise characterization of the Dnmt1 Ϫ/Ϫ cells used in these experiments. If the full-length or truncated DNMT1 protein were present even at low levels in Dnmt1 Ϫ/Ϫ cells, similar phenotypes in Dnmt1 Ϫ/Ϫ and Dnmt1 Ϫ/Ϫ MG C1229S cells could be trivially explained as being due to the presence of the DNMT1 protein in both cell types. However, if no DNMT1 protein was detected in Dnmt1 Ϫ/Ϫ cells, similar phenotypes in Dnmt1
and Dnmt1 Ϫ/Ϫ MG C1229S cells could be interpreted to mean that the noncatalytic DNMT1 did not rescue any phenotypes of the null alleles and thus that the biological functions of DNMT1 require its methyltransferase activity. We therefore performed a detailed analysis of the Dnmt1 c/c cells used in the current study. Immunoblot analysis with anti-DNMT1 (pATH52) antibody following resolution in a 10 to 20% gradient gel did not show any specific bands in Dnmt1 c/c cells (Fig.  1C) . The pATH52 antibody (4) was raised against a large segment of the DNMT1 amino terminus (Fig. 1A) and should recognize peptides that may result from truncated transcripts of the Dnmt1 c/c allele. Northern analysis with a full-length cDNA probe revealed little or no transcript in Dnmt1 c/c cells (see Fig. S2 in the supplemental material). Reverse transcription-PCR of Dnmt1 c/c RNA with four primer pairs that spanned the deletion yielded specific fragments, although they were very weak compared to those from wild-type cells. The fragments were amplified by additional PCR and sequenced; the results are shown in Fig. S2 in the supplemental material. Based on these results and the phenotypes of Dnmt1 c/c cells, we conclude that Dnmt1 c/c is functionally a null allele; there may be trace-level transcription at the locus, but no DNMT1 protein was detectable. The Northern and immunoblot analyses also confirmed that no truncated transcript or truncated DNMT1 protein was detectable in the Dnmt1 Ϫ/Ϫ MG or Dnmt1 Ϫ/Ϫ MG C1229S cell lines.
Demethylated cells do not survive differentiation. Several phenotypes of Dnmt1
Ϫ/Ϫ cells were examined in the panel of cell lines to determine whether the phenotypes were caused by low genomic methylation or the absence of other functions of DNMT1. Dnmt1 Ϫ/Ϫ ES cells are viable as stem cells but undergo apoptosis when induced to differentiate; the "lethal differentiation" phenotype has been characterized previously (35, 38) , but the mechanism is not understood. To investigate this phenotype, we induced ES cells to differentiate by three methods.
Cells were plated at low density and cultured for 7 days under established conditions (52 Fig. 2A) . Similar results were obtained with an alternate protocol that included treatment with retinoic acid (data not shown). These results indicated that the lethal differentiation phenotype was caused by low genomic methylation.
The phenotype was also investigated by the induction of differentiation in embryoid bodies. Using a competitive growth assay (35) Ϫ/Ϫ cells were not detected in embryoid bodies after day 6, but they survived when cultured as ES cells (Fig. 2B) . The minigene rescued the phenotype, as Dnmt1 Ϫ/Ϫ MG cells competed well with wild-type cells in embryoid bodies (Fig. 2C) ; in contrast, Dnmt1 Ϫ/Ϫ MG C1229S cells did not (Fig. 2D) . These results are consistent with the results from low-density differentiation and indicate that the lethal differentiation phenotype is caused by low genomic methylation and not the absence of other functions of DNMT1. We note that the wild-type cells were outcompeted by cells in the Dnmt1 Ϫ/Ϫ background during coculture as ES cells (Fig. 2) . This may be due to the demethylation and overexpression of growth-promoting imprinted genes in Dnmt1 Ϫ/Ϫ cells (30, 37) ; genomic imprints are not restored by the wild-type Dnmt1 minigene without germ line passage (55) .
Transcriptional activation of IAP retrotransposons in demethylated cells. The silencing of retrotransposons is an established function of DNA methylation (5, 59). We investigated the methylation status and transcription of the IAP family of retrotransposons in the panel of cell lines. The haploid mouse genome contains approximately 1,000 IAP elements (34) . IAP elements are demethylated and transcribed in Dnmt1-null embryos and in demethylated ES cells (54, 59) . We found extensive demethylation of IAP retrotransposons in Dnmt1 Ϫ/Ϫ and Dnmt1 Ϫ/Ϫ MG C1229S cells (Fig. 3A) . The demethylation was not complete (compare to MspI digestion), which was consistent with results for the minor satellite (Fig.  1E ) and previous findings (54) . The Dnmt1 minigene restored methylation at the IAPs to nearly wild-type levels (Fig. 3A) .
Northern blot analysis revealed high levels of IAP transcripts in Dnmt1 Ϫ/Ϫ and Dnmt1 Ϫ/Ϫ MG C1229S cells but not in wild-type or Dnmt1 Ϫ/Ϫ MG cells (Fig. 3B) . The banding pattern represents mRNA from three subtypes (I, I⌬I, and II) of IAP elements (34) . These results demonstrate that the transcriptional activation of IAPs is caused by the demethylation of the genome and not by the absence of other putative functions of DNMT1, which was reported by several studies to repress transcription (23, 47, 50) .
Methylation-dependent association of histone macroH2A at retrotransposons. We hypothesized that the repression of methylated IAP elements could involve the histone variant macroH2A. Histone macroH2A, which is composed of an H2A-like domain and a nonhistone transcriptional repressor domain (1, 17, 44) , is localized at the inactive X chromosome (15) and imprinted loci (12) . It was recently shown that macroH2A is mislocalized from euchromatin to foci of pericentric heterochromatin in Dnmt1 Ϫ/Ϫ ES cells (40), which we also observed (Fig. 4A) . We found that the Dnmt1 minigene restored proper localization of macroH2A but that the Dnmt1 C1229S minigene did not (Fig. 4A) , which indicated that the localization of histone macroH2A depends on genomic methylation. Immunoblot analysis of whole-cell extracts demonstrated that the levels of macroH2A were comparable in all cell lines (Fig. 4B) .
To investigate whether macroH2A is associated with IAP elements, we performed ChIPs with anti-macroH2A1 antibody and analyzed the immunoprecipitated DNA by quantitative real-time PCR. We found that histone macroH2A was enriched at IAP LTRs in wild-type cells (Fig. 4C) . The enrichment at the IAP LTR was highly significant compared to those at two transcribed loci, ACTB (␤-actin) and GAPDH, with P values of 0.001 and 0.002, respectively. The results for the IAP represent many individual IAP elements with LTR sequences matched by the primers; it was essential to normalize the ChIP data for the difference in copy number between IAP elements and ACTB or GAPDH (see Materials and Methods). The signal at ACTB and GAPDH most likely represents the background level in the assay, because macroH2A is generally depleted at active genes (8) . CpG dinucleotides are located throughout IAP elements, and macroH2A was associated with internal IAP regions but only at ϳ70% of the level at the LTR (data not shown).
We found that the association of histone macroH2A at the IAP LTR depends on DNA methylation (Fig. 4D) . macroH2A enrichment at the LTR in Dnmt1 Ϫ/Ϫ cells was significantly lower than that in wild-type cells (P ϭ 0.028). In contrast, no difference between wild-type and Dnmt1 Ϫ/Ϫ cells was observed at internal IAP regions (see Fig. S3 in the supplemental material). The distinction between the LTR and internal regions is consistent with the finding that repression by macroH2A occurs specifically at the level of transcription initiation and not elongation (17) . The change in macroH2A enrichment at the IAP LTR in methylated and demethylated cells may be greater than what we measured, because the IAPs are not fully demethylated in Dnmt1 c/c cells, full background corrections cannot be estimated, and fixation of chromatin may have reduced the number of epitopes available for ChIP.
Together, our results indicate that histone macroH2A associates with the IAP LTR in a methylation-dependent manner. The change in macroH2A association with the IAP LTR par- 
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ allels the change in IAP transcription and methylation ( Fig. 3  and 4) . We propose that macroH2A is involved in the transcriptional repression of methylated DNA. The DNMT1 C1229S protein mislocalizes to pericentric heterochromatin. DNMT1 normally localizes at DNA replication foci during S phase, and the foci coincide with the pericentric heterochromatin in 15 to 20% of cells in asynchronous culture (36) . When we performed anti-DNMT1 immunofluorescence in the panel of cell lines, we observed DNMT1 foci at pericentric heterochromatin in a large fraction of Dnmt1 Ϫ/Ϫ MG C1229S cells compared to wild-type and Dnmt1 Ϫ/Ϫ MG cells (Fig. 5A ). Approximately 60% of Dnmt1 Ϫ/Ϫ MG C1229S cells had DNMT1
foci at pericentric heterochromatin, in contrast to the expected ϳ15% of wild-type and Dnmt1 Ϫ/Ϫ MG cells (Fig. 5B) . We determined that the large fraction of cells with DNMT1 C1229S foci was due specifically to the mislocalization of DNMT1 C1229S . First, the cell cycle distribution of each cell line was assessed by flow cytometry. The distributions were comparable in all cell lines, including wild-type, Dnmt1 Ϫ/Ϫ , Dnmt1 Ϫ/Ϫ MG, and Dnmt1 Ϫ/Ϫ MG C1229S cells (Fig. 5C and (Fig. 5D) , which indicated that the localization of DNMT1 C1229S to pericentric heterochromatin did not require the coincident replication of that compartment of the genome. Together, these data indicate that DNMT1 C1229S is mislocalized to the pericentric heterochromatin and that the proper localization of DNMT1 depends on normal patterns of genomic methylation.
DISCUSSION
Functions of the amino-terminal domain of DNMT1. We separated the methyltransferase activity of DNMT1 from its other putative functions by introducing a conservative point mutation into the key catalytic residue. This genetic approach was necessary because demethylating drugs such as 5-aza-2Ј-deoxycytidine and zebularine cause the degradation of the DNMT1 protein (11, 26) . All of the examined phenotypes of Dnmt1 Ϫ/Ϫ were also observed in Dnmt1 Ϫ/Ϫ MG C1229S cells, which demonstrates that low genomic methylation is responsible for these phenotypes. The demethylation of IAP elements was sufficient for their transcriptional activation, even in the presence of DNMT1 C1229S . The lethal differentiation phenotype and the mislocalization of histone macroH2A were observed in both Dnmt1 Ϫ/Ϫ and Dnmt1 Ϫ/Ϫ MG C1229S cells. Together, these data indicate that the essential functions of DNMT1 are exerted through its methyltransferase activity and that the reported interactions of DNMT1 with other factors do not constitute a major source of phenotype in cells null for Dnmt1. These findings do not exclude the possibility that the amino terminus of DNMT1 acts as a transcriptional repressor under some conditions. However, such additional functions would be secondary to and dependent on the methyltransferase activity. The in vivo functional significance of any repressor activity of DNMT1 remains to be established.
Transcriptional repression of methylated DNA. Many factors have been proposed to be global repressors of methylated DNA, but significant changes in gene expression have not been detected in the corresponding mutant mice. MeCP2 encodes a putative methyl-CpG binding protein, and its mutation causes Rett syndrome in humans. Mice with mutations in MeCP2 exhibited Rett-like symptoms but no detectable changes in gene expression and no reactivation of methylated promoters (57) . Mice with homozygous mutations in MBD2 are healthy and fertile, but females have minor defects in maternal behavior. No activation of imprinted genes or retroviruses (including IAP elements) was observed in MBD2 Ϫ/Ϫ mice (29) . Mice with homozygous mutations in MBD1 are healthy and fertile, with minor defects in adult neurogenesis. No changes in gene expression were observed in MBD1 Ϫ/Ϫ mice except for minor IAP transcription in adult neural stem cells (66) . Mice with homozygous mutations in Kaiso are healthy and fertile, with no observed changes in gene expression (45) .
In light of the studies that have indicated that there is an overlap between DNA methylation and histone macroH2A, we hypothesized that the repression of methylated DNA involves macroH2A. We have shown that macroH2A associates with IAP elements when they are methylated and silenced and that this association is reduced when IAPs are demethylated and actively transcribed. However, mice with homozygous mutations in histone macroH2A1 were recently shown to be viable and fertile, with no obvious phenotypes or defects in X inactivation in the liver (7) . Currently, the mechanism by which DNA methylation represses transcription remains essentially unknown.
Mechanisms that might destabilize genomic methylation patterns. By generating cells that expressed only DNMT1
C1229S
, we were able to observe DNMT1 localization in the context of a demethylated genome. DNMT1
C1229S is mislocalized to pericentric heterochromatin in demethylated cells, and we interpret this result to mean that the proper localization of DNMT1 requires normal genomic methylation patterns. Pericentric heterochromatin is still partially methylated in Dnmt1
Ϫ/Ϫ cells due to the presence of DNMT3B (43) , and this methylation might recruit DNMT1 C1229S . Similarly, the mislocalization of histone macroH2A to pericentric heterochromatin in Dnmt1 Ϫ/Ϫ and Dnmt1 Ϫ/Ϫ MG C1229S cells might be explained by residual methylation in that compartment. Consistent with this model, an MBD fused to green fluorescent protein was located at pericentric heterochromatin in wild-type and Dnmt1 Ϫ/Ϫ mouse ES cells but not in Dnmt1 Ϫ/Ϫ Dnmt3a Ϫ/Ϫ Dnmt3b Ϫ/Ϫ ES cells (54) . The recruitment of DNMT1 to methylated compartments may promote the maintenance of methylated sequences, and the exclusion of DNMT1 from unmethylated compartments may reduce spurious de novo activity. Notably, the de novo activity of DNMT1 (assessed in Dnmt3a Ϫ/Ϫ Dnmt3b Ϫ/Ϫ cells) required preexisting methylation (39) . Other factors that may contribute to the fidelity of DNA methylation patterns include the 5-to 30-fold preference of DNMT1 for hemimethylated substrates, the concentration of DNMT1 at replication foci, the partial redundancy and/or cooperation of DNMT1 with DNMT3a and DNMT3b, histone modifications, and DNA sequence. None of these factors alone can account for the Ͼ99% fidelity of inheritance of methylation patterns. Abnormal DNA methylation patterns in cancer have not been explained by changes in DNA methyltransferase expression. An extensive analysis of ovarian tumors found no correlation between DNMT1 expression and locus-specific hypermethylation or global hypomethylation (21) . The coexistence of hypermethylation and hypomethylation in many tumors underscores the complexity of the epigenetic dysregulation. Our results suggest that altered genomic methylation patterns in tumor cells may partly be caused or propagated by the mislocalization of DNA methyltransferases. An understanding of the mechanisms that underlie epigenetic dysregulation in cancer will be critical for the design of effective biomarkers and therapeutics. 
